Background: PCSK9 is a modulator of LDLR and the tetraspanin CD81. Results: Although CD81 is targeted for degradation by PCSK9 in an LDLR-independent manner, it can associate with the LDLR. Conclusion: CD81 and LDLR are two independent targets of PCSK9 that bind to each other. Significance: Structure-based mutagenesis of PCSK9 reveals functional interactions of CD81 with LDLR and PCSK9.
tion has been shown to occur between the catalytic domain of PCSK9 (10) and the N-terminal part of epidermal growth factor-like repeat A (EGF-A) domain of the LDLR (10, 11) , although the CHRD and the prodomain seem to possess some additional binding affinity for the ␤-barrel ligand-binding domain of the LDLR (12) (13) (14) (15) .
There are two pathways by which PCSK9 leads to the degradation of the LDLR. In the extracellular pathway, following secretion from cells, extracellular PCSK9 binds to the LDLR at the cell surface, triggering PCSK9-LDLR complex internalization and its traffic to acidic endosomes/lysosomes where degradation occurs. In the intracellular pathway, mature PCSK9 traffics from the ER to the Golgi apparatus where it binds to the LDLR and sorts the receptor directly to lysosomes for degradation (16) . In liver, PCSK9 seems to enhance the degradation of the LDLR mostly by the extracellular pathway (1, 6) .
Interestingly, several natural mutations in the human PCSK9 gene have been reported. They confer gain-of-function (GOF) or loss-of-function (LOF) activity on the LDLR. Therefore, individuals with GOF mutations will have reduced LDLR levels in hepatocytes and thus suffer from hypercholesterolemia. Various LOF and GOF mutants were found to be associated with hypocholesterolemia and hypercholesterolemia, respectively (17) . For example, the LOF mutations G236S and N354I are due to failure to exit the ER or to undergo autocatalytic cleavage, respectively (18) . In contrast, typical GOF mutations include D129N, D374H, and D374Y, which enhance the binding of PCSK9 to the LDLR (19, 20) . The various strategic mutants used in this study are described in Table 1 .
Recently, we identified CD81 as a new cell surface protein that could be targeted by PCSK9 (21) . Because PCSK9 reduces the protein levels of the LDLR and hepatitis C virus (HCV) uses both LDLR and CD81 as entry factors, we showed that PCSK9 could prevent Huh7 cells from infection with the virus. Surprisingly, we also found that stable PCSK9 overexpression in HuH7 cells could also decrease CD81 levels. In this study, we investigated further how PCSK9, CD81, and LDLR interact with each other and probed the effect of the expression of various PCSK9 mutants on CD81 levels.
Experimental Procedures
cDNA Constructs-Human full-length PCSK9 and its truncated constructs catalytic domain (CAT), HR, and CHRD with or without the transmembrane-cytosolic tail (TM-CT) of lysosomal-associated membrane protein 1 (LAMP1) or angiotensin I-converting enzyme 2 (ACE2) proteins (hereby abbreviated as PCSK9-LAMP1, PCSK9-ACE2, CAT-ACE2, and HR-CHRD-ACE2) were cloned into pIRES2-eGFP (Clontech) and phCMV3 vectors as described (12) . Plasmids coding for human PCSK9 mutants were produced from phCMV3-hPCSK9-ACE2 using the QuikChange Lightning kit (Agilent Technologies). The primer sequence information will be given if required. The integrity of all mutants was verified by sequencing.
Cell Culture and Transfection-Huh7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM), and Chinese hamster ovary (CHO) and CHO-A7 cells were grown in DMEM/F-12 (Ham's) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Wisent), ampicillin/tetracycline, and sodium pyruvate. Transfections were done using Lipofectamine 2000 (Invitrogen) and TransIT-2020 (Mirus) according to the manufacturers' protocols.
Western Blotting-Cells were lysed in radioimmune precipitation assay buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1 mM PMSF (Sigma-Aldrich), and Complete mixture protease inhibitor (Roche Applied Science)). The cell lysates were loaded and separated by 10% Tris-glycine SDS-PAGE or on 4 -15% gradient gels (Bio-Rad). Proteins were transferred onto PVDF membranes (Bio-Rad). The membranes were blocked for 1 h and then incubated with in-house rabbit anti-human PCSK9 antibody (1:2500), goat anti-ACE2 antibody (clone C-18, 1:1000; Santa Cruz Biotechnology), or mouse anti-␤-actin antibody (1:1000; Ambion) for 1 h. The membranes were then incubated with appropriate HRP-conjugated secondary antibodies (1:10,000; Jackson ImmunoResearch Laboratories) for 1 h. The membranes were incubated with enhanced chemiluminescent HRP substrate and exposed to x-ray films. Densities of protein bands were measured by the AlphaIm-FIGURE 1. Schematic representation of PCSK9 constructs used in this study. PCSK9 comprises a signal peptide (SP), a prodomain (Pro), a catalytic domain, a HR, and a CHRD. The numbers and arrows denote amino acid positions at boundaries between domains. The N-terminal CAT construct and the HR-CHRD were individually subcloned for further study. Full-length PCSK9 and the truncated constructs (CAT and HR-CHRD) were fused with the TM-CT of LAMP1 or ACE2 to drive the proteins to the lysosomal compartment or to the cell surface, respectively. ager 3400 Transilluminator Gel Imaging Detection System (Alpha Innotech).
Immunofluorescence Assay (IFA)-After fixation, coverslips were permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature. To visualize co-localization of proteins with lysosomes, cells were incubated with 100 nM LysoTracker Red DND-99 (Molecular Probes) for 2 h at 37°C. Permeabilization was omitted if only surface proteins were to be detected. The coverslips were blocked in blocking buffer (10% FBS, 3% bovine serum albumin (BSA), and 0.1% sodium azide in PBS) for 30 min at room temperature prior to incubation with primary antibodies rabbit anti-PCSK9 (in-house; 1:150 dilution), mouse anti-CD81 (JS-81, BD Pharmingen; 1:50 dilution), goat anti-LDLR (R&D Systems; 1:50 dilution), mouse anti-LDLR (C7, Santa Cruz Biotechnology; 1:20 dilution), and mouse anti-CD9 (BD Pharmingen; 1:25 dilution). The coverslips were washed with PBS and incubated with appropriate secondary antibodies (Alexa Fluor 647 chicken anti-mouse, Alexa Fluor 568 donkey anti-rabbit, Alexa Fluor 647 chicken anti-rabbit, and Alexa Fluor 568 donkey anti-goat; 1:500 dilution) from Molecular Probes. Coverslips were stained with DAPI for 5 min and mounted on slides with Prolong Gold antifade mountant (Invitrogen). Imaging was performed on a confocal microscope system (Zeiss LSM780). Protein co-localization analysis was done by using ImageJ software and Just Another Colocalization Plugin (JACoP) (22) .
In Situ Proximity Ligation Assay (PLA)-PLA experiments were done using Duolink In Situ reagents (Olink Bioscience). The blocking and primary antibody staining steps were conducted as described above. Coverslips were then stained with the corresponding mixture of PLA probes (anti-rabbit PLUS (catalog number DUO92002) and anti-mouse MINUS (catalog number DUO92004)) for 1 h at 37°C. The samples were then incubated with the ligation ligase solution for 30 min at 37°C to hybridize oligonucleotides tagged on probes. The coverslips were then incubated with the amplification polymerase solution for 100 min at 37°C to amplify hybridized oligonucleotides and fluorescently label the amplification products. Finally, the coverslips were mounted on slides with Duolink In Situ Mounting Medium with DAPI. Imaging was done using a confocal microscope system (LSM780) as mentioned above. Duolink ImageTool software (Olink Bioscience) was used to analyze PLA signals.
Co-immunoprecipitation (CoIP)-Plasmids coding for PCSK9-V5, PCSK9-ACE2, LDLR, or proteins were co-transfected with CD81 plasmid with a 1:1 ratio into HEK293T cells on 100-mm dishes using Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol. Co-tranfections of PCSK9-V5 and LDLR or CD81 and ACE2 were done as positive and negative controls, respectively. Transfected cells were washed with ice-cold PBS and lysed with 1 ml of 1% Brij-97 lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1% Brij-97 (Sigma-Aldrich), 1 mM PMSF, and Complete mixture protease inhibitor). After centrifugation to pellet cell debris, the lysates were precleared by incubation with 2 g of mouse IgG1 (Santa Cruz Biotechnology) and 20 l of Protein A/G PLUS-agarose beads (Santa Cruz Biotechnology) for 1 h. Next, the precleared lysates were incubated with 2 g of mouse anti-CD81 (Clone 5A6, Santa Cruz Biotechnology) and 20 l of Protein A/G PLUS-agarose beads or with 10 l of anti-V5 affinity gel (Biotool) for 2 h. The incubation steps were carried out at room temperature with rotation. Afterward, the beads were washed with 1% Brij-97 lysis buffer four times and then transferred into new tubes to avoid carrying over any trace of proteins that may bind to the tube wall during incubation steps. Next, the proteins were eluted from the beads by adding 50 l of elution buffer (0.2 M glycine and 2.5% acetic acid in 0.2% Brij-97 buffer). Finally, the eluants were neutralized by 10 M NaOH and subjected to Western blot analysis using rabbit anti-PCSK9, goat anti-LDLR (R&D Systems), mouse anti-CD81 (clone 5A6), goat anti-ACE2 (clone C-18), and rabbit anti-calnexin (Enzo Life Sciences).
Fluorescence-activated Cell Sorting (FACS) Analysis-Plasmids coding for PCSK9 constructs or mutants were co-transfected in Huh7 cells with peGFP-C1 plasmid (Clontech) with a 3:1 ratio. GFP plasmid was used for the gating of transfected cells. The cells were detached and suspended using Versene or trypsin (Life Technologies), washed with ice-cold PBS, incubated with the fixable viability dye eFluor 780 (eBioscience) at 4°C for 30 min, and then fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. After fixation, cells were blocked and then incubated with allophycocyanin-or phycoerythrin-mouse anti-human CD81 (BD Pharmingen), allophycocyanin-or phycoerythrin-mouse anti-human LDLR (R&D Systems), allophycocyanin-mouse IgG1 isotype control (BD Pharmingen), or mouse IgG1-phycoerythrin isotype control (R&D Systems) for 1 h. To analyze total protein expressions, FACS buffer and FACS washing buffer were complemented with saponin (0.3%). Cells were resuspended in FACS buffer and analyzed on a BD LSRFortessa flow cytometer (BD Biosciences). The data were analyzed with Cyflogic TM software version 1.2.1 (CyFlo Ltd., Finland). The geometric mean values were used to indicate protein expression levels. Geometric mean values of isotypes were considered as the background and were subtracted from the values from the samples.
Statistical Analysis-All data were calculated and statistically analyzed using GraphPad Prism 5.03 (GraphPad Prism Software, Inc.) as indicated in the legends (*, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001).
Results
PCSK9 Is Recruited to the Cell Surface by LDLR and CD81-Mature PCSK9 is known to be secreted from cells where it can bind its cell surface receptor ligands (LDLR, VLDL receptor, and apolipoprotein E receptor 2) in an autocrine and/or paracrine manner (11, 23) . We first determined by confocal IFA whether PCSK9 could bind cell surface CD81. As a positive control, binding of PCSK9 to LDLR was analyzed in parallel. The results depicted in Fig. 2A show that, upon co-transfection of PCSK9 cDNA with cDNA of either LDLR or CD81, PCSK9 immunoreactivity was detected at the plasma membrane by IFA of non-permeabilized Huh7 cells. Notably, Huh7 cells overexpressing PCSK9 in a background of endogenous levels of CD81 and LDLR showed no detectable PCSK9 signal at the plasma membrane ( Fig. 2 , B and C) even though the cells were expressing PCSK9 at a significant level (Fig. 2 , D and E). Quantitative analysis by Western blotting revealed that the expression of PCSK9 or its co-expression with LDLR or CD81 does not change the ratio of secreted versus intracellular PCSK9, which was estimated to be about 9-fold higher in the medium as compared with cell extracts (not shown). Note also that only transfected cells were positive for PCSK9 as verified by the co-transfection of PCSK9 cDNA with that of GFP ( Fig.  2A ). To eliminate any possibility of nonspecific binding of antibodies used in this experiment, we carried out the same experiments excluding secondary antibodies to CD81 or LDLR. The tests showed that the anti-PCSK9 antibody and corresponding secondary antibodies did not bind to CD81 (Fig. 2 , F and G) or LDLR (Fig. 2, H and I) . These results show that in the context of overexpression of LDLR ( Fig. 2A , upper) or CD81 ( Fig. 2A , lower) some PCSK9 is retained at the cell surface and co-localizes with these ligands.
Effects of PCSK9-ACE2 on LDLR and CD81 Cell Surface Expression in Huh7 Cells-In a previous study, we have shown that it takes at least ϳ8 -10 g/ml pure PCSK9 added to HuH7 cells to achieve a ϳ50% reduction in cellular CD81 (21) . In addition, upon medium swap of PCSK9 isolated from media of HEK293 cells overexpressing wild-type (WT) PCSK9, we usually achieved less than ϳ15% reduction of CD81. Therefore, in an effort to develop a simple assay to analyze the structurefunction activity of PCSK9 on CD81 degradation, we used a chimera of PCSK9 fused to the TM-CT of ACE2. Indeed, we previously showed that fusion of the TM-CT of either ACE2 or LAMP1 to the C terminus of PCSK9 prevents its secretion and greatly enhances its ability to escort its ligands toward degradation compartments (21) . Therefore, to develop a simple FACS screening assay to analyze the activities of PCSK9 and its mutants on CD81, we expressed the PCSK9-ACE2 chimera in Huh7 cells. As expected, PCSK9 immunoreactivity of PCSK9-ACE2 was detected both intracellularly and at the plasma membrane as opposed to WT PCSK9 that is secreted and hence only detected in the cells but not at the cell surface ( Fig. 3A ). We then confirmed by Western blotting that the autocatalytic zymogen processing of pro-PCSK9-ACE2 into PCSK9-ACE2 still occurs unabated in these cells (Fig. 3B ). The activity of PCSK9-ACE2 on both the LDLR and CD81 was verified using flow cytometry, and as expected (21), overexpression of PCSK9-ACE2 resulted in significantly reduced cell surface levels and enhanced intracellular degradation of both ligands (Fig. 3C ). Transfections with an empty vector or with a plasmid encoding the full-length ACE2 were used as controls, which had no effect on the levels of either LDLR or CD81.
Effects of Mutations in the Signal Peptide and Prodomain of PCSK9-ACE2 on the Levels of Surface LDLR and CD81-
Based on findings that PCSK9-ACE2 could efficiently lower both LDLR and CD81, we investigated the effects of transiently overexpressed specific PCSK9-ACE2 mutants on these proteins at the cell surface. Documented natural and engineered GOF and LOF mutations located on signal peptide, prodomain, catalytic domain, hinge region, and CHRD were selected for this study (Table 1) (10, 14, 15, 18 -20, 23-25, 27-38) . All PCSK9 mutants were fused with the TM-CT of ACE2 because PCSK9-ACE2 had much stronger effects than free PCSK9, making it easier to detect changes in protein levels by FACS. In addition to the measurement of the levels of surface LDLR and CD81 by FACS analysis, we also evaluated the zymogen processing of all PCSK9-ACE2 mutants by Western blotting. The maturation level is reflected by the ratio of mature PCSK9 to pro-PCSK9. Maturation of PCSK9-ACE2 mutants and surface LDLR and CD81 levels were compared with that of WT PCSK9-ACE2 and as control in the presence of ACE2 alone. From the signal peptide and prodomain region, eight single point mutations were inserted into WT PCSK9 (Fig. 4, A and B) . Although most mutations did not overtly change the activity of PCSK9-ACE2 on LDLR or CD81, only R93C, known to result in LOF (24) , significantly reduced this activity on LDLR but not CD81, and L108R did the reverse. In contrast, the GOF D129G completely lost its ability to enhance the degradation of CD81 compared with WT PCSK9-ACE2. Clearly D129G and less so D129N differentiate the effect of PCSK9-ACE2 on LDLR versus CD81.
Effects of Mutations in the Catalytic Domain of PCSK9-ACE2 on the Expression of Surface LDLR and CD81-Thirteen mutations in the catalytic domain were investigated (Fig. 5, A and B) . The mutant N354I that expressed only pro-PCSK9, thus exhibiting lack of zymogen processing, and the LOF mutants G236S and A239D (18) had no activity on either LDLR or CD81 (Fig. 5, A and B) . It is well known that Asp 374 is critical for the binding of PCSK9 to the EGF-A domain of the LDLR (10) . Analysis of various mutants of this residue revealed that most other amino acids enhance the activity of PCSK9 on the LDLR (10, 33) . Thus, as expected, both D374Y and D374H enhanced the activity of PCSK9-ACE2 toward the LDLR (Fig. 5B ). Unexpectedly and different from D374Y, the mutant D374H lost its enhanced activity on CD81, emphasizing the difference in the critical residues in these receptors that interact with PCSK9 Asp 374 .
Effects of Mutations in the Hinge Region and CHRD of PCSK9-ACE2 on the Expressions of Surface LDLR and CD81-Among investigated mutations in the HR-CHRD region, A522T was half as well processed as WT and exhibited a clear LOF on both receptors (Fig. 6, A and B) . We also noted that most HR-CHRD mutations investigated did not significantly modify the activity of PCSK9 toward the LDLR compared with WT. However, they generally enhanced by 10 -30% the activity of PCSK9 toward CD81, suggesting that the modulation of CD81 by PCSK9 is sensitive to the HR-CHRD.
PCSK9 Catalytic and C-terminal Domains Could Down-regulate LDLR and CD81-Next, we tried to define the PCSK9 domain(s) responsible for modulation of CD81 levels. PCSK9 CAT and C-terminal (HR-CHRD) domains fused or not to the TM-CT of ACE2 were investigated. The expression of the domains was confirmed by Western blotting using rabbit anti-PCSK9 antibody (Fig. 7A ). The HR-CHRDs appeared as single bands, but CATs appeared as two distinct bands that corre- spond to immature and mature forms as observed in full-length PCSK9. In the absence of the TM-CT of ACE2, CAT and HR-CHRD of PCSK9 had no effect on either surface or total expression of LDLR and CD81 (Fig. 7B ). However, as for the fulllength protein, the ACE2-fused truncated PCSK9 constructs showed stronger effects than the non-fused forms. The levels of surface and total LDLR and CD81 were decreased significantly by CAT-ACE2 and HR-CHRD-ACE2 as compared with control ( Fig. 7B) . Notably, HR-CHRD-ACE2 reduced surface CD81 expression to 0.56, but only a marginal decrease was observed for total CD81. Altogether, the results suggest that both domains of PCSK9 have the potential to regulate LDLR and CD81 when fused to TM-CT of ACE2. Effects of Intracellular PCSK9 on LDLR and CD81 Expressions-PCSK9 is known to modulate LDLR from the cell surface as well as through an intracellular pathway (9, 12) . To evaluate the ability of PCSK9 to modulate CD81 through the intracellular pathways, we used a PCSK9 fused to the TM-CT domain of LAMP1 as reported previously (9, 39) . Indeed, this chimeric protein cannot reach the plasma membrane and is mostly directed to lysosomes where degradation occurs (9) . Because maturation of PCSK9-LAMP1 is normal in Huh7 cells (Fig. 8A) , we compared the expression of PCSK9-LAMP1 by IFA in permeabilized and non-permeabilized transiently transfected cells. Results showed that PCSK9-LAMP1 was intracellularly localized but was not detected at the cell surface ( Fig.   8B ). To evaluate the lysosomal localization of PCSK9-LAMP1, we stained the cells expressing this chimera with LysoTracker Red. PCSK9-LAMP1 co-localized with lysosomes but was also found in other compartments of the cell (Fig. 8C ). This is not unexpected as PCSK9-LAMP1 traverses the various cellular compartments including the ER and Golgi and cycles back to endosomes from the plasma membrane (40) . We next analyzed the ability of the chimeric protein to degrade LDLR and CD81 (Fig. 8D) . Similarly to PCSK9-ACE2, the chimera PCSK9-LAMP1 significantly reduced expression of both CD81 and LDLR. Although the interaction between PCSK9-LAMP1 and its targets occurs within cells, a significant depletion of LDLR and CD81 can be observed at the plasma membrane. This indicates that depletion of the intracellular pool affects the expression of CD81 and LDLR at the cell surface ( Fig. 8D) or that the PCSK9-LAMP1 can transiently cycle to the cell surface as was reported for LAMP1 itself (40) .
In Situ Interactions among PCSK9 and LDLR and CD81-The interaction between PCSK9 and the LDLR has been extensively characterized (41) . Here, we demonstrated that PCSK9 is recruited at the cell surface by CD81 ( Fig. 2A, lower) and that full-length PCSK9 as well as the CAT and HR-CHRD subdomains can modulate CD81 and LDLR ( Figs. 3 and 7 , respectively). To demonstrate the interaction between PCSK9 and CD81, we performed in situ PLA. This new approach allows the identification of single interactions in their natural envi- SEPTEMBER 18, 2015 • VOLUME 290 • NUMBER 38
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ronment (42) (43) (44) and has been used successfully in recent studies on PCSK9 (45) and tetraspanin proteins (46) . In our experiment, the PCSK9-LDLR interaction was used as a positive control, and transfection with an empty vector served as a negative control. As expected, the result depicted in Fig. 9 clearly shows that in Huh7 cells endogenous LDLR can interact in situ with PCSK9-ACE2 (average of 82 dots per cell). In addition, the results showed that CD81 makes several interactions (Ͼ280 dots per cell) with PCSK9. Interestingly, we observed more steady-state CD81-PCSK9 interactions than LDLR-PCSK9. This might be due to a more efficient degradation of the LDLR by PCSK9, resulting in lower steady-state levels of the LDLR-PCSK9 complex than the CD81-PCSK9 complex. However, we cannot rule out that the LDLR antibody used is not less avid to LDLR than is the anti-CD81 toward its antigen.
PCSK9 Is Co-immunoprecipitated with CD81-The PLA results ( Fig. 9) show the in situ interaction between CD81 and PCSK9. To make sure that the two proteins have physical binding, we carried out a coIP assay. By co-expression of CD81 and PCSK9 or PCSK9-ACE2 in HEK293T cells and using anti-CD81 antibody to pull down CD81, we detected the coexistences of PCSK9 (Fig. 10A ) or PCSK9-ACE2 ( Fig.  10B) with CD81 in the coIP eluants. To confirm that CD81-PCSK9-ACE2 binding does not come from the TM-CT of ACE2, we tried to pull down full-length ACE2 protein with CD81. However, no CD81-ACE2 binding was detected by coIP ( Fig. 10B ). PCSK9-LDLR interaction was also con-firmed by coIP of PCSK9 with LDLR using anti-V5 (Fig.  10C) . These results suggest that PCSK9 can bind not only to LDLR but also to CD81.
Degradation of CD81 by PCSK9 Is Independent of LDLR-Because PCSK9-ACE2 can modulate the endogenous LDLR and CD81 levels and PCSK9 was recruited to the cell surface when either protein was overexpressed, we raised the question of whether PCSK9 recruitment to the cell surface in the presence of CD81 required LDLR expression. To address this question, we compared the plasma membrane recruitment of PCSK9 by CD81 in CHO and CHO-A7 cells that lack endogenous LDLR (39, 47) . Indeed, LDLR modulation by PCSK9 was previously shown in normal CHO cells (39) . CHO-A7 cells are thus suitable for the characterization of CD81 regulation by PCSK9 in the absence of LDLR. As in Huh7 cells ( Fig. 2A,  lower) , upon CD81 transfection in CHO cells, PCSK9 was also clearly recruited at the plasma membrane (Fig. 11A) . Interestingly, PCSK9 recruitment was also observed in the LDLR-deficient CHO-A7 cells overexpressing CD81. This result indicates that the LDLR is not required for PCSK9-CD81 interaction ( Figs. 9 and 10) . Although LDLR is not required for the latter interaction, it may contribute to the internalization and trafficking of the CD81-PCSK9 to endosomes/lysosomes. Therefore, we investigated the involvement of LDLR in the degradation of CD81 in CHO-A7 cells. First, we observed that PCSK9- 
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23392 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 38 • SEPTEMBER 18, 2015 ACE2 could normally decrease co-expressed LDLR levels in these cells (Fig. 11B) . Similarly to what has been discussed in Huh7 cells, PCSK9-ACE2 could also efficiently decrease CD81 expression on the cell surface of both parental and LDLR-deficient CHO cells (Fig. 11C) , indicating that PCSK9-induced CD81 degradation could occur in the absence of LDLR. We then analyzed the effect of LDLR overexpression on CD81 degradation by PCSK9. Results showed that in normal CHO cells the addition of LDLR did not change the effect of PCSK9-ACE2 on CD81. However, in CHO-A7 cells, overexpression of LDLR improved PCSK9 activity on CD81 (Fig.  11C ), suggesting that PCSK9 activity on CD81 benefits from LDLR expression.
CD81 Interacts with LDLR-We next investigated in situ the putative LDLR-CD81 interaction. This was inspired by the facts that (i) CD81 and LDLR interact with PCSK9, (ii) the levels of FIGURE 8. Effects of intracellular PCSK9 on total and surface endogenous LDLR and CD81 expression. A, Huh7 cells were transfected with plasmids expressing wild-type PCSK9 or PCSK9 with the TM-CT of LAMP1 protein (PCSK9-LAMP1) that targets the protein to the lysosomes. Total cellular proteins were separated by 10% SDS-PAGE and then analyzed by rabbit anti-PCSK9 antibody. B, localization of PCSK9-LAMP1 in the cells was analyzed by immunofluorescence. Huh7 cells were co-transfected with eGFP-and PCSK9-LAMP1-coding plasmids before staining with rabbit anti-PCSK9 antibody. To detect intracellular PCSK9, cells were treated with Triton X-100. C, co-localization of PCSK9-LAMP1 with a lysosome marker. Huh7 cells were transiently transfected with PCSK9-LAMP1. Before fixation and staining with rabbit anti-PCSK9 (green), cells were incubated with LysoTracker (red). Imaging was done by a confocal microscope. The co-localization measurement was based on Manders' coefficients using ImageJ and JACoP. D, effects of PCSK9-LAMP1 on surface and total expressions of LDLR and CD81 in Huh7 cells by FACS. The cells were transfected with PCSK9-LAMP1, LAMP1, or empty vector as a control and then subjected to FACS using anti-LDLR or anti-CD81 antibody. Intracellular detection was obtained through saponin treatment (total LDLR and total CD81). The experiments were repeated at least three times. Statistics analysis was based on one-way ANOVA Dunnett's test. *, p Յ 0.05; ***, p Յ 0.001. The error bars represent S.E.
both are down-regulated by PCSK9, and (iii) LDLR expression seems to facilitate CD81 modulation by PCSK9 (Fig. 11C) . Therefore, we analyzed the co-localization signal by IFA and observed that overexpressed CD81 and LDLR co-localized with a co-localization Manders' coefficient of 0.503 (Fig. 12A ). To ensure that CD81-LDLR co-localization was relevant and to rule out false results arising from nonspecific binding of anti-bodies, we carried out an antibody specificity test. We showed that the primary and secondary antibodies used to detect CD81 (Fig. 12B) do not bind to LDLR or its corresponding primary antibody (Fig. 12, F and G) . We also confirmed that the primary and secondary antibodies for LDLR ( Fig. 12E ) have no affinity for CD81 and anti-CD81 primary antibody (Fig. 12, C and D) . In addition to co-localization of LDLR and CD81 observed by IFA, we carried out PLA to determine the in situ interactions of these proteins (Fig. 13 ). This approach revealed that overexpressed CD81 could interact with endogenous LDLR and that overexpressed LDLR could interact with endogenous CD81. The extent of interaction increased significantly when both proteins were overexpressed. To verify the LDLR-CD81 interaction specificity, we assessed the interaction between LDLR and CD9. We chose CD9 as a control for CD81 because as members of the tetraspanin family both are present in tetraspanin-enriched microdomains, and their interaction has been proposed previously (48, 49) . As expected, LDLR-CD9 interaction could not be detected by PLA, demonstrating the specificity of the assay. To ensure that CD81 has a physical interaction with LDLR, we co-expressed in HEK293 cells CD81 and LDLR (Fig. 14) . The data show that CD81 co-immunoprecipitates with both forms of the LDLR, the ϳ100-kDa non-O-glycosylated ER form and the ϳ150-kDa mature fully glycosylated LDLR. These results suggest that CD81 and LDLR meet very early along the secretory pathway, likely in the ER, but also at the Golgi and/or cell surface.
Because CD81 and LDLR are both membrane proteins, it was possible that anti-CD81 pulled down not only CD81 but also membrane debris containing CD81 and/or LDLR. However, the absence of membrane-bound calnexin in the eluants (Fig.  14) confirmed that there were no membrane-associated contaminating proteins pulled down by anti-CD81.
Discussion
PCSK9 is a modulator of LDLR levels through an early interaction in ER (12) and later post-ER compartments (endosomes or Golgi apparatus) or at the cell surface. These interactions ultimately lead to LDLR degradation in endosomes/lysosomes (12) . PCSK9 was reported to bind the EGF-A domain of the LDLR (11, 23) . Among extracellular domains of LDLR, the EGF-A domain is central for the binding and internalization of cell surface PCSK9-LDLR complex, but the cytoplasmic domain of LDLR is not essential in this process (39, 50) . Similarly, our results showed that PCSK9 co-localizes at the cell surface not only with the LDLR but also with CD81 ( Fig. 2A) where it interacts with these proteins (Figs. 9 and 10). To evaluate the effect of point mutations of PCSK9 on both LDLR and CD81, we developed a simple FACS assay using PCSK9 fused at its C terminus with the TM-CT domain of ACE2, resulting in an enhanced concentration of PCSK9 at the plasma membrane. In all our FACS analyses, we overexpressed PCSK9 and its mutants and analyzed their effect on the endogenous levels of LDLR or CD81.
An extensive analysis demonstrated that the LDLR and CD81 are similarly affected by PCSK9-ACE2 and its mutants except for some specific mutations. The most notable GOF mutations are D129N and D374H, which greatly enhanced LDLR degradation but not that of CD81 compared with WT. In contrast, the LOF mutations E54A, R93C, H391N, and N425S either completely or partially lost activity on LDLR but exhibited the same or enhanced activity on CD81. These data suggest that the PCSK9-sensitive determinants in CD81 and LDLR are similar but not identical. However, we could not find any significant alignment of the EGF-A domain of LDLR (interacting with the catalytic subunit of PCSK9) with any segment of the CD81 including its EC1 or EC2 ectodomains. Therefore, the binding domain of CD81 to PCSK9 remains obscure.
PCSK9 catalytic domain is known for its affinity for the LDLR, whereas the CHRD participates in the PCSK9 trafficking to the cell surface. Previously, it has been shown that PCSK9 truncated forms (CAT and CHRD) can both interact with the LDLR but are unable to modulate its levels (12, 51, 52) . Here, the same observation was made in Huh7 cells. Indeed, overexpression of CAT and HR-CHRD did not change the total and surface levels of LDLR and CD81. Interestingly, ACE2-tagged CAT or HR-CHRD could efficiently decrease both surface and total levels of LDLR and CD81 (Fig. 7B) . Normally, these two truncated constructs could interact with LDLR, although the CHRD had lower affinity than CAT (12) . Therefore, we suspect that addition of the ACE2 TM-CT to the CAT or HR-CHRD stabilizes the complex formation and helps in its sorting to lysosomes for degradation (23) . Moreover, by retaining them in cells, the fusion increases their local protein concentration. We previously reported on the enhanced degradation of LDLR and CD81 in Huh7 cells expressing wild-type PCSK9, PCSK9-ACE2, or PCSK9-LAMP1 (21) . The fusion of the TM-CT of ACE2 to PCSK9 allows its targeting to the cell sur-face, whereas the fusion to the TM-CT of LAMP1 primarily targets the protein to the lysosomal compartment. In this study, we sought to gain insight into the propensity of both surface and intracellular PCSK9 to modulate LDLR and CD81 levels. In 
Recruitment of PCSK9 by CD81 and its function in modulation of LDLR and CD81 in LDLR non-expressing CHO cells. A, parental CHO cells and CHO cells lacking LDLR expression (CHO-A7
) were co-transfected with a set of plasmids expressing eGFP, PCSK9, and CD81 or eGFP, PCSK9, and empty phCMV3 vector as a negative control. Cells were stained with rabbit anti-PCSK9 (red) and mouse-anti CD81 (green) antibodies. The nuclei were stained with DAPI. Imaging was done by a confocal microscope. B, effect of PCSK9 on LDLR in CHO-A7 cells. In addition to eGFP-and LDLR-encoding plasmids, CHO and CHO-A7 cells were co-transfected with ACE2 (red), PCSK9-ACE2 (blue), or empty vector (gray). Cells were stained with allophycocyanin-conjugated mouse anti-LDLR and subjected to FACS analysis. The histograms represent triplicate experiments. C, in addition to eGFP-encoding plasmid as the indicator of transfection, CHO and CHO-A7 cells were co-transfected with CD81 and plasmids coding for the indicated proteins. Cells were stained with phycoerythrin-conjugated mouse anti-CD81 and subjected to FACS analysis. Expressions of CD81 in transfected CHO cells were compared with empty vector-transfected cells. The experiments were repeated at least three times. Statistics analysis was based on one-way ANOVA Tukey test. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001; ns, not significant. The error bars represent S.E. agreement with our previous findings, we found that PCSK9-ACE2 and PCSK9-LAMP1 decreased total and surface expression of LDLR and CD81 (Figs. 3C and 8D). It is known that PCSK9 can interact with the LDLR at the cell surface or intracellularly and trigger its degradation in endosomes/lysosomes (12) . PCSK9-ACE2 and/or PCSK9-LAMP1 is likely to act on CD81 in a similar intracellular pathway as WT PCSK9 on LDLR. However, further investigations are required to better address this question.
Interestingly, we found that CD81 and LDLR co-localized ( Fig. 12A ) and interacted with each other (Figs. 13 and 14) . Because PCSK9 and CD81 can interact with the LDLR in situ (Figs. 9 and 13), they might form a trimeric complex in Huh7 cells. However, an extensive future study is required to determine the stoichiometry of the complex and the interacting domains of each protein. Nevertheless, our data indicated that the presence of the LDLR is not mandatory for PCSK9-CD81 interaction or for PCSK9-dependent CD81 degradation (Fig.  11A ). Finally, in HepG2 cells (devoid of CD81), the PCSK9induced degradation of the LDLR occurs with high efficiency (53) , suggesting that CD81 is not necessary for PCSK9 to enhance the degradation of the LDLR.
It is noteworthy that the LDLR and CD81 are both important receptors for HCV entry (54 -56) . The actual model of HCV entry proposes that the initial attachment of the infectious particle occurs through the LDLR. The virus is then transferred to a series of entry factors that include SR-B1, CD81, CLDN1, and occludin (57) . CD81-CLDN1 interaction has been observed and plays an important role in HCV entry (58, 59) . Here, we have described a novel LDLR-CD81 interaction that may contribute to HCV entry. However, we can only speculate whether this mechanism/complex may modulate the likeliness of the CD81/LDLR-mediated viral invasion through interaction of this complex with the HCV envelope glycoprotein E2.
PCSK9-ACE2 interacts with and modulates the levels of both LDLR and CD81. This may result in a competition between the two proteins for their modulator, PCSK9. Indeed, it has been shown that PCSK9-modulated LDLR degradation could be prevented by a surface protein competitor (namely annexin A2), which could bind to the CHRD of PCSK9 (26, 60) . To address this question, we investigated the effect of PCSK9-ACE2 on LDLR in normal CHO cells and in LDLR-deficient CHO-A7 cells. The results showed that LDLR levels were reduced by PCSK9-ACE2 in the two cell lines (Fig. 11B ) similar to what was observed in Huh7 cells (Fig. 3C ). Additionally, we showed that PCSK9-ACE2 can down-regulate CD81 expression levels in CHO and CHO-A7 cells. This indicates that the presence of LDLR is not necessary for PCSK9-mediated CD81 modulation (Fig. 11C) . It is notable that the overexpression of LDLR in parental CHO cells did not change the effect of PCSK9-ACE2 on CD81 levels, suggesting that LDLR is not limiting and that it does not compete with CD81 for PCSK9. Moreover, the addition of LDLR in CHO-A7 cells enhanced CD81 degradation by PCSK9-ACE2, suggesting that LDLR favors PCSK9 modulation of CD81. Altogether, our results in CHO and CHO-A7 cells showed that LDLR was not required for CD81 regulation by PCSK9, albeit its presence may enhance PCSK9-dependent CD81 degradation. It is thus possible that expression of CD81 in HepG2 cells (lacking endogenous CD81) may enhance the ability of PCSK9 to enhance the degradation of endogenous LDLR. FIGURE 12. CD81-LDLR co-localization in Huh7 cells. A, Huh7 cells were co-transfected with eGFP-and LDLR-encoding plasmids. Cells were stained with goat anti-LDLR (red) and mouse-anti CD81 (green) antibodies. B-G, verification of antibody specificity. Huh7 cells were co-transfected with eGFP and CD81 (B and C), eGFP and LDLR (E and F), or eGFP and empty phCMV3 vector (D and G). The cells were treated with Triton X-100 and stained with mouse anti-CD81 (B) or goat anti-LDLR (E) or co-stained with mouse anti-CD81 and goat anti-LDLR (C, D, F, and G) antibodies. Following primary antibody incubation, the cells were stained with Alexa Fluor chicken anti-mouse (B, F, and G) or donkey anti-goat (C-E) IgG. The nuclei were stained with DAPI. Imaging was done by a confocal microscope. The co-localization measurement in A was based on Manders' coefficients using ImageJ and JACoP.
In summary, this study confirms CD81 as a receptor targeted for degradation by PCSK9 by an intracellular pathway that may require different conformational determinants in PCSK9 than for the LDLR. Furthermore, our data revealed formation a novel complex between PCSK9 and CD81 and between CD81 and LDLR, suggesting the existence of a complex array of partners modulated by PCSK9.
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Acknowledgments-We thank Jessy Tremblay for technical assistance in flow cytometry and confocal microscopy. We thank Ahmed Fahmy for helpful discussions. FIGURE 13 . Interaction between LDLR and CD81 by in situ PLA. Huh7 cells were co-transfected with eGFP-expressing plasmid and with plasmids coding for the indicated proteins. The cells were permeabilized and co-stained with goat anti-LDLR and mouse anti-CD81 or goat anti-LDLR and mouse anti-CD9 antibodies. The PLA was done as described under "Experimental Procedures." Duolink ImageTool software was used to analyze PLA signals (red dots). Statistics analysis was based on unpaired t test. The nuclei were stained with DAPI. ***, p Յ 0.001. The error bars represent S.E. FIGURE 14. CoIP of CD81 with LDLR. HEK293T cells were co-transfected with CD81-and LDLR-encoding plasmids. Cell lysates were pulled down using anti-CD81 (clone 5A6) or mouse IgG1 as the mock antibody. The membranebound protein calnexin (CNX) was used as an internal control.
